Estimating field-scale soil water dynamics at a heterogeneous site using multi-channel GPR by X. Pan et al.
Hydrol. Earth Syst. Sci., 16, 4361–4372, 2012
www.hydrol-earth-syst-sci.net/16/4361/2012/
doi:10.5194/hess-16-4361-2012
© Author(s) 2012. CC Attribution 3.0 License.
Hydrology and
Earth System
Sciences
Estimating ﬁeld-scale soil water dynamics at a heterogeneous site
using multi-channel GPR
X. Pan1,*, J. Zhang2, P. Huang2, and K. Roth1
1Institute of Environmental Physics, Heidelberg University, Heidelberg, Germany
2State Experimental Station of Agro-Ecosystem in Fengqiu, State Key Laboratory of Soil and Sustainable Agriculture,
Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China
*now at: Global Institute for Water Security, University of Saskatchewan, Saskatoon, Canada
Correspondence to: X. Pan (xicai.pan@usask.ca)
Received: 19 May 2012 – Published in Hydrol. Earth Syst. Sci. Discuss.: 2 July 2012
Revised: 8 November 2012 – Accepted: 12 November 2012 – Published: 23 November 2012
Abstract. We explore the feasibility to quantify the ﬁeld-
scale soil water dynamics through time series of GPR
(ground-penetrating radar) measurements, which bridge the
gap between point measurements and ﬁeld measurements.
Working on a 40m×50m area in a heterogeneous agricul-
tural ﬁeld, we obtain a time series of radargrams after a heavy
rainfall event. The data are analysed to simultaneously yield
(i) a three-dimensional representation of the subsurface ar-
chitecture and (ii) the total soil water volume between the
surface and a reﬂection boundary associated with the pres-
ence of paleo sand dunes or clay inclusions in a rather uni-
form sand matrix. We assess the precision and the accuracy
of these quantities and conclude that the method is sensitive
enough to capture the spatial structure of the changing soil
water content in a three-dimensional heterogeneous soil dur-
ing a short-duration inﬁltration event. While the sensitivity of
the method needs to be improved, it already produced use-
ful information to understand the observed patterns in crop
height and it yielded insight into the dynamics of soil water
content at this site including the effect of evaporation.
1 Introduction
As a key variable in the unsaturated zone, soil water con-
tent plays a crucial role in many environmental studies such
as agriculture, hydrology and ecology. For instance, in the
application of irrigation and drainage strategies, informa-
tion of soil water content is of paramount importance to
improve water use efﬁciency. However, understanding soil
water dynamics at various scales is complicated due to the
varying complexity in soil texture, soil layering and various
environmental variables.
Soil water content measurements have made signiﬁcant
progress during the last few decades (Robinson et al., 2008).
Point measurements can be obtained with the destructive
gravimetric method and the less destructive neutron probe,
time domain reﬂectometry (TDR) and capacitance probe
methods. Measurements at catchment and continental scales
may be obtained by remote sensing methods. The classi-
cal point scale measurement methods and large scale remote
sensing methods cannot well capture the detailed behaviour
of soil water dynamics at the ﬁeld or catchment scale due to
scale and temporal resolution issues (Robinson et al., 2008).
The emerging near-surface hydrogeophysical imaging
techniques like ground- penetrating radar (GPR), electro-
magnetic induction (EMI) and electric resistivity tomogra-
phy (ERT) offer promising potential to ﬁll the gap of soil
water sensing between the point and catchment scale (Robin-
son et al., 2008). The application of these technologies in hy-
drology, soil science and agriculture is ever increasing (e.g.
Knight, 2001; Weiherm¨ uller et al., 2007; Robinson et al.,
2009; Zhu et al., 2010; Wijewardana and Galagedara, 2010).
Particularly, GPR has gained an increasing interest in var-
ious research ﬁelds. Reviews of GPR development and its
advance for site characterisation and monitoring in hydro-
geophysical studies can be found in Huisman et al. (2003a),
Lambot et al. (2008), and Slob et al. (2010).
GPR ground wave techniques have been widely used for
measuring surface soil water content (e.g. Huisman et al.,
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2001, 2002; Grote et al., 2003; Galagedara et al., 2003, 2005;
Grote et al., 2010). The ﬁeld study by Huisman et al. (2003b)
showed that the temporal development of spatial soil water
content variation could be observed with the ground wave
method at an accuracy comparable to TDR. Furthermore, an
extensive ﬁeld study by Steelman and Endres (2010) showed
that near-surface soil water content variations over an annual
cycle can be quantitatively captured by GPR ground wave
measurements. However, the poor understanding of the prop-
agation of the GPR signal in the radar-antenna-subsurface
system hampers the application of GPR ground wave method
for monitoring soil water dynamics in detail (Huisman et al.,
2003a). An alternative to the traditional on-ground GPR is
offeredbyoff-groundGPR,whichhasastrongerfocusonthe
surface reﬂection. For instance, the off-ground GPR system
developed by Lambot et al. (2004, 2006) offers promising
opportunities to measure surface soil water content at ﬁeld
conditions. Field studies demonstrate that with a proper radar
system model this method provides high-resolution soil wa-
ter content maps (e.g. Minet et al., 2012), even near-surface
soil water content proﬁles (e.g. Minet et al., 2011).
For many applications, the water content throughout a soil
proﬁle is required in addition to the surface soil water con-
tent. This is in particular the case for all hydrologic appli-
cations. Borehole GPR can be used to map temporal soil
water content variation with high resolution at larger depths
(Galagedara et al., 2003; Kowalsky et al., 2005; Grote et al.,
2010; Wijewardana and Galagedara, 2010), but limited at
plot scale. For characterizing soil water ﬂow at larger scale,
the GPR reﬂection method has big advantages. Based on a
knownreﬂectordepth,soilwatercontentvariationfrompoint
GPR measurements has been identiﬁed at laboratory (e.g.
Loefﬂer and Bano, 2004) and at ﬁeld sites (e.g. Wollschl¨ ager
and Roth, 2005). Lunt et al. (2005) studied temporal varia-
tion of soil water content along proﬁles with known reﬂector
depths at a heterogeneous site with GPR reﬂections. Further-
more, without known reﬂector depths, the studies by Brad-
ford (2008) and Steelman and Endres (2012) using com-
mon mid-point (CMP) soundings or similar measurements
demonstrate that spatio-temporal soil water content varia-
tions can be obtained from GPR reﬂections at ﬁeld condi-
tions. In particular, a multi-channel GPR setup such as that
proposed by Gerhards et al. (2008) offers a quick and efﬁ-
cient imaging of soil water content and reﬂector depth. By
optimizing the multi-channel GPR survey, Pan et al. (2012b)
demonstrated that multi-channel GPR can be used to monitor
seasonal soil water dynamics in a layered soil at ﬁeld scale.
A number of studies reported the use of GPR for monitor-
ing the soil water dynamics. For instance, monitoring wet-
ting/drying fronts at natural and artiﬁcial conditions has been
demonstrated by, for example, Binley et al. (2001), Stoffre-
gen et al. (2002), Deiana et al. (2008), Haarder et al. (2011),
and Mangel et al. (2012). Following this direction, the geo-
physical data are used to constrain unsaturated ﬂow models.
However, the accuracy of water-content estimates from GPR
still challenges this as pointed out by Moysey (2010). One
solution is using coupled inversion schemes that use rock-
physics relationships to link the hydrologic process model
with a geophysical instrument model (e.g. Kowalsky et al.,
2005; Lambot et al., 2006; Looms et al., 2008). This is
greatly facilitated by higher accuracy GPR measurements as
presented here. The multi-channel GPR method allows to
measure rather small changes of average or total water con-
tent within a layer during typical events.
Another issue for the ﬁeld-scale soil hydrology model is
soil heterogeneity. For speciﬁc soil architectures, soil water
ﬂow regimes may be different. Steelman and Endres (2012)
demonstrated the application of GPR to characterise vertical
soil water dynamics in multi-layered soils over a complete
annual cycle. In addition, to image rainfall drainage over a
2-D area, Truss et al. (2007) have used a time-lapse GPR
method and 2-D surveys to obtain the geometry of a prefer-
ential ﬂow path and quantify changes in water content within
a limestone site.
In this study, we demonstrated an application of the multi-
channel GPR method to quantify the ﬁeld-scale soil water
dynamics in an agricultural ﬁeld. It demonstrates that the
subsurface architecture required for accurate 3-D modelling
of soil water dynamics can be obtained from the time lapse
GPR radargrams and that the changes of the soil water con-
tent distribution can be determined with an accuracy that suf-
ﬁces to explore its impact on the spatial distribution of crop
growth.
2 Site description and measurements
2.1 Site description
The study site is located in the vicinity of the Agroecological
Experiment Station of the Chinese Academy of Sciences in
Fengqiu County, near Daheigang at 35◦2.10 N, 114◦33.80 E,
Henan province, China. Soils in the Fengqiu County are
dominated by Ochric Aquic Cambisol and Ustic Sandic En-
tisol (Li et al., 2007). The latter one accounts for less than
2% of land area. It usually appears in some areas along the
Yellow River or ancient paths in the Yellow River ﬂood plain.
Forinstance,landsurfaceatthestudyareaischaracterisedby
discontinuous stripped dunes. The study site was explored as
farm land in the middle of 1980s. Since then, wheat, peanut
and corn were planted with small farm machines.
At the study site, the surface soil texture consists of 82%
sand, 6% clay and 12% silt. The water table was at a depth
of about 1.7m, as inferred from drilling. Observations in two
dug proﬁles (one is about 20m away from the western bor-
der of the experimental plot, and the other one is about 25m
away from the southern border of the plot) shows that nearby
ponding waters were at a depth of around 1.9m.
The area with underlying paleo-dunes is ideal for GPR
exploration. Nearby the study site, Roth et al. (2004)
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Fig. 1. Features of soil layering in the GPR radargram (p26 in
Fig. 3).
demonstrated the applicability of exploring soil layers and
water tables with GPR. At the study site, soil layering can be
identiﬁed clearly in the radargrams (e.g. the reﬂection near
40ns in Fig. 1) from GPR exploration. However, it is difﬁ-
cult to identify the structure below the shallow water table.
This is attributed to the light salty water leading to high loss
of electromagnetic wave transmission.
2.2 Data acquisition
An IDS (Ingegneria dei Sisteemi S.p.A., Italy) multi-
channel GPR system was used in this study. The setup with
three different antenna separations, where S1=S2=0.14m,
S3=1.94m and S4=1.66m, is shown in Fig. 2. This means
that the GPR-derived soil water content stands for a mean
value in the local volume within the maximum antenna sep-
aration above the reﬂector depth. Wheat at the study site was
removed before the two-dimensional GPR survey. All the
two-dimensional GPR surveys were conducted along pre-
ﬁxed parallel lines with a 1.5m interval spacing (Fig. 3).
Along the acquisition line GPR measured with a high reso-
lution of 0.05m. The signal at each measurement points was
recorded with a time window of 80ns by stacking 12 scans
and discretizing in 1024 samples. To get absolute travel times
for all channels, time-zero calibration of the two channels
crossing antenna boxes (S3, S4) was performed by carrying
out wide-angle reﬂection-refraction (WARR) measurements
in air, while the zero offsets of the two box-internal chan-
nels (S1, S2) were calibrated by directly picking the air wave
wavelet. Before the rainfall event, the line p25 in Fig. 3 was
measured with two antennas operating at a central frequency
of 200MHz on 19 May 2011. Then ﬁve two-dimensional
GPR surveys with two antennas operating at a central fre-
quency of 400MHz were repeated on 22, 23, 25, 27, and
29 May 2011 after the heavy rainfall which followed ten days
without any rainfalls (Fig. 4).
To assess reﬂector depth and soil water content from the
multi-channel GPR measurements, some independent esti-
mates were made by drilling and TDR measurements. Seven
Fig. 2. Schematic of a four channel GPR setup.
Fig. 3. A schematic of the ﬁeld site with patterned crops
(45m×36m) and the survey design. The grey areas indicate
smallerwheatthanthatattheotherarea.Laterallinesandredcircles
are the route measurements of GPR survey and boreholes, respec-
tively. The small box on p13 indicates the soil proﬁle dug.
boreholes were drilled at different locations in Fig. 3. One
soil proﬁle at the position 40m in the line p13 was dug after
thesurveyon29May.Soilsamplesfromeachlayersandnine
soil water content measurements with a TDR probe were ob-
tained in the soil proﬁle.
3 Methods
3.1 Estimates of reﬂector depth and soil water content
The principle of the multi-channel GPR method has been
shown in several studies (e.g. Gerhards et al., 2008;
Wollschl¨ ager et al., 2010; Westermann et al., 2010). Its pro-
cedure has been presented in detail by Gerhards et al. (2008),
and is only summarised brieﬂy here. Travel times from the
four channels in Fig. 2 were measured sequentially in one
measurement. The basic travel time model is given as
t (c, d) =
√
c
c0
cos(α)
p
4d2 + a2, (1)
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Fig. 4. Weather conditions nearby the study site in May 2011, and
the times for GPR survey (dashed grey lines).
where c [−] is the soil dielectric permittivity number, c0 is
the speed of light in vacuum (0.3mns−1), α is the inclination
angle of the reﬂector, and d [m] is the reﬂector depth were
conducted, and a [m] is the antenna separation. Around each
position they can be considered as a common reﬂection point
from the available channels. Given the relation between the
velocity of the electromagnetic wave in a low-loss soil and
soildielectricpermittivitynumberc,c andreﬂectordepthd
[m] can be determined from all available travel times in a few
common-midpoint (CMP) gathers with the object function
C(c, d, α),
C(c, d, α) =
(N,K) X
(n,k)
[tmodel(xn, ak) − treﬂ(xn, ak)]2, (2)
where N =3 is the maximum number of measurement points
around the centre position and K =4 is the maximum num-
ber of antenna separations in a CMP. For practical measure-
ments, an array of small CMP gathers were collected at each
trace along a survey line, accordingly the spatial distribu-
tion of reﬂector depth and soil dielectric permittivity can be
obtained.
A petrophysical relationship of complex refractive index
method was used to estimate volumetric soil water con-
tent (short as soil water content in the following context) θ
[m3 m−3] according to Roth et al. (1990)
√
c = θ
√
w + [1 − φ]
√
s + [φ − θ]
√
a, (3)
which quantitatively relates soil dielectric permittivity num-
ber c to soil water content θ, porosity φ [−] and relative
dielectric permittivity numbers w, a, s of water, air, and
soil matrix, respectively. In this paper we used w =80.2,
corresponding to 20 ◦C (Kaatze, 1989), s =5.0, a =1.0, and
φ =0.45, which is an average of the whole studied layers ac-
cording to the ﬁeld soil sampling. In addition, Eq. (3) was
also used for TDR evaluation with corresponding parame-
ters based on the speciﬁc measured soil temperatures and soil
porosities.
From the multi-channel GPR evaluation, the reﬂector
depth d, the depth-averaged soil water content θ is simul-
taneously obtained. However, we are in favor of analyzing
soil water dynamics, hence the total water volume lw =d ×θ
[m] is also used in this study.
3.2 Estimate of ﬁeld evaporation
The pan evaporation measurements were conducted at the
AgroecologicalExperimentStationnearbythestudysitedur-
ing the ﬁeld campaign. The corresponding ﬁeld evaporation
E [md−1] was approximately estimated by the empirical re-
lationship between reference evaporation and pan evapora-
tion from the equation (Allen et al., 1998)
E = Kp × Ep, (4)
where Ep is the measured pan evaporation [md6−1], and
Kp is the empirical coefﬁcient. Considering the bare surface
with medium relative humidity (Fig. 4) and moderate wind
speed at the study site, the coefﬁcient Kp was set as 0.63 for
the estimation according to the suggested determination of E
by Allen et al. (1998).
3.3 Statistical analysis
To investigate the stability of the measured reﬂector depth
and the evolution of the spatial patterns of reﬂector depth and
soil water content, we use the cross-correlation coefﬁcient ρ
to quantify the correlation between two quantities X and Y,
ρ =
P
i
P
j
 
Xij − hXi
  
Yij − hYi

v u u
t
"
P
i
P
j
 
Xij − hXi
2
# "
P
i
P
j
 
Yij − hYi
2
#, (5)
where i, j are the indices along and across the GPR lines,
respectively, and hXi and hYi are the corresponding mean
values over all data (Snedecor and Cochran, 1980).
4 Results and discussion
4.1 Spatio-temporal variation of measured quantities
Combining the GPR exploration and borehole sampling in-
formation as listed in Table 1 from seven positions, we de-
duce that soil layering at the study site is generalised as
coarse sand dunes covered by a top layer of loamy sand. In
addition, two clay patches in the deep dune valleys appear
above the dune interface at the section from 39 to 48m in the
lateral direction with high water content in Fig. 5a (area A).
This is conﬁrmed by a borehole sampling and a nearby soil
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Table 1. Observations of soil layering from borehole samplings (b1, b2, ..., b7 shown in Fig. 3).
Borehole Description of soil layering
b1 0–1.12m: loamy sand; 1.12–2m: coarse sand, saturated below 1.80m
b2 0–0.22m: loamy sand; 0.22–0.28m: clay; 0.28–0.76m: loamy sand;
0.76–2.0m: coarse sand, saturated below 1.82m
b3 0–0.66m: loamy sand; 0.66–2m: coarse sand, saturated below 1.78m
b4 0–0.68m: loamy sand; 0.68–2m: coarse sand, saturated below 1.79m
b5 0–0.70m: loamy sand; 0.70–2m: coarse sand, saturated below 1.80m
b6 0–0.69m: loamy sand; 0.69–2m: coarse sand, saturated below 1.80m
b7 0–0.81m: loamy sand; 0.81–2m: coarse sand, saturated below 1.79m
Table 2. Assessment on the stability of the estimated reﬂector depths via statistical analysis. 1d is the average difference of the estimated
reﬂector depths relative to the values measured on 22 May. ρ is the correlation coefﬁcient between the reﬂector depths measured at the given
times.
ρ 1d [m] 22 May 23 May 25 May 27 May 29 May
22 May 0 1.000
23 May −0.01±0.01 0.995 1.000
25 May 0.01±0.02 0.991 0.990 1.000
27 May 0±0.02 0.990 0.990 0.990 1.000
29 May 0±0.02 0.989 0.991 0.989 0.992 1.000
proﬁle (b2 with a box in Fig. 3). In the paper, we mainly fo-
cus on the ﬁeld-scale soil water dynamics in the soil above
the dune interface. Soil water content and total water volume
in this layer were determined from multi-channel GPR mea-
surements. The maps of soil water content and total water
volume in Fig. 5 were produced with a grid 0.05m×1.5m,
which is the same as the spatial resolution of the measure-
ments. Only a few occasional missing values (less than 3%
of the total values) were linearly interpolated. Although the
results would be inﬂuenced by this anisotropic data set, the
major features are still clearly visible. The following maps
were also produced with the same method.
4.1.1 Stability of estimated soil layering
Since reﬂector depth and soil water content are solved
jointly in the multi-channel GPR evaluation, they are ex-
pected to be correlated. However, we found that the impact
of this correlation on the accuracy of the estimated quanti-
ties can be reduced by optimizing the setup of the multi-
channel GPR as introduced by Pan et al. (2012b). Since
the lower reﬂector is a boundary between soil layers, hence
invariant in time, it allows to investigate the stability of
the measured reﬂector depths in the time series measure-
ments. First, we notice that the average difference 1d be-
tween the depth estimates is very small, some 0.01m (Ta-
ble 2). Next, the correlation coefﬁcients for the interpolated
reﬂector depths for the ﬁve surveys were calculated. The
results quantify the high similarity in the estimated reﬂec-
tor depths between all measurements with correlation coefﬁ-
cients ranging between 0.991 and 0.995. Given this accuracy,
we reconstructed the three-dimensional topography of the
lower soil interface from averaging all ﬁve surveys (Fig. 6).
The accuracy of the estimated reﬂector depths is assessed by
the data of the seven boreholes. This yields an accuracy of
±0.05m (Fig. 7). We comment, however, that the number
of boreholes is rather small and that part of the uncertainty
stems from the boreholes.
4.1.2 Assessing soil water content estimate
Assessing the accuracy of the measured soil water content
from the multi-channel GPR with the TDR measurements
(Fig. 8) is fundamentally difﬁcult. TDR measurements in the
proﬁle just stand for the soil water content at one position,
while the GPR measurement yields an integral value for a
much larger volume along the wave path. This is exacerbated
by the presence of soil layers which further complicates the
calculations for the TDR measurements. Finally, for the cur-
rent study, there is only one TDR proﬁle available, which
yields a rather weak representativeness.
To estimate the average soil water content and the total
water volume from the TDR measurements in the proﬁle,
soil water content (red dashed line in Fig. 8) was linearly
interpolated within layers by presuming sharp layer bound-
aries. This proﬁle consists of four different layers (i) loamy
sand(0–0.24m),(ii)clay(0.24–0.35m),(iii)ﬁnesand(0.35–
0.78m) and (iv) coarse sand (≥0.78m). Soil water contents
were measured at depths of 0.09, 0.17, 0.31, 0.4, 0.55, 0.7,
0.79 and 0.9m. The measurements were conducted eight
days after the rainfall event. By that time, the inﬁltration
front had disappeared from the measured layers. Besides, the
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Fig. 5. Time-lapse images of depth-averaged soil water content θ,
and total water volume lw between surface and the dune interface
on 22, 23, 25, 27, 29 May 2011 (from top to bottom panels). Grey
contour lines in all images represent the dune structure with a con-
tour interval of 0.2m. Blocks A are the areas with clay inclusions
over the dune structure, and the other area is marked as B.
soil water content in the clay layer is thought to be nearly
constant due to its strong water retention. While the soil
water content and the total water volume from the multi-
channel GPR measurement was calculated as the average
values within the soil volume between antenna separations
(around 2m) along the line p13.
Results show that the soil water content and the to-
tal water volume from TDR are 0.23±0.02m3 m−3 and
0.18±0.01m, respectively, and the corresponding values
from the multi-channel GPR are 0.27±0.01m3 m−3 and
0.21±0.01m. There is a difference of 0.04m3 m−3 in the
Fig. 6. Three dimensional reﬂector depth map for the dune-deposit
structure using average data from a time series GPR measurements.
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Fig. 7. Assessment on the accuracy of the multi-channel GPR for
the estimates of reﬂector depths with borehole logs. Dashed lines
stand for a standard deviation of 0.05m.
soil water content and 0.03m in the total water volume. This
difference is larger than the measurement precision of the
two methods, hence warrants some discussion. First, both
methods use the same underlying physical principle in com-
parable frequency ranges. In particular, the same petrophys-
ical relation is used to calculate soil water content. Hence,
we do not expect that the differences originate from that.
A major difference is the measurement volume that TDR
yields point values, essentially, representing a vertical extent
of some 0.05m, whereas GPR produces true averages for the
entire depth. We attribute the differences between TDR and
GPR to this discrepancy in spatial coverage. Given the high
accuracy of the reﬂector depth from the multi-channel GPR
measurements, the soil water content jointly solved in the al-
gorithm is expected to have a comparable accuracy. Thus we
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Fig. 8. Soil structure and soil water content distribution at the posi-
tion 40m in the measured line p13 on 29 May 2011. The red dashed
line is the interpolated soil water content distribution from TDR
measurements (blue stars).
trust the values from the multi-channel GPR measurements
more than those from TDR measurements.
4.1.3 Observation of ﬁeld-scale soil water dynamics
Thedifferencedtime-lapsemapsofthesoilwatercontentand
the total water volume compared with the measurement on
22 May are shown in Fig. 9. They clearly show that general
decrease of the total water volume with time. While the aver-
aged signal is pronounced, the ﬁne spatial details are near to
the resolution of the method and therefore not very clear vi-
sually. However, the differences of water volume changes at
different areas are statistically signiﬁcant at a p-level of 0.05
(Fig. 10d). We comment that with the signal near to the res-
olution limit, small measurement artifacts, most importantly
the line structure from the GPR acquisition, become appar-
ent. This graphical artifact does not affect our analysis, how-
ever, since the analysis is only based on point values, not on
spatial relations between them. The amounts of the soil wa-
ter content and the total water volume decrease in time, and
some patterns also evolve at the same time, which may be
related to the soil layering (contour lines). In the following,
the ﬁeld-scale soil water dynamics is investigated by analyz-
ing the measured soil water content change 1θ and the total
water volume change 1lw at speciﬁc areas.
Soil water dynamics along the line p25, which was mea-
sured before and after the rainfall event from 19 to 29 May,
is shown in Fig. 10a and b. Here it is important to note that
1θ and 1lw are the expectations for the whole line. Thus,
the error bar includes the information of the spatial changes
of each quantity compared to the ﬁrst measurement as well
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Fig. 9. Time-lapse images of measured soil water content change
1θ and total water volume change 1lw between surface and the
reﬂector at times 23, 25, 27, and 29 May 2011 (from top to bot-
tom panels) relative to the values on 22 May. The contour lines are
identical to those in Fig. 5.
as the information of the accuracy of the multi-channel GPR
measurements. The increases of the averaged θ and lw in the
line p25 on 22 May reached 0.06m3 m−3 and 0.04m, respec-
tively, and then gradually decreased. To further investigate
the spatially non-uniform change of water loss in time at the
study site, soil water dynamics at three representative areas
in Fig. 5a, the area A with dune valleys and clay inclusions
and the area B with dune valleys (B1: d ≥1.0m) and ridges
(B2: d ≤0.7m), are presented in Fig. 10c and d. The similar
characteristics of soil water dynamics were found as those
in the line p25. Moreover, the changes of θ and lw slightly
differed in time at the three areas. Particularly, the water loss
in the valley was almost the same as those at the other areas
from 22 to 23 May, and afterwards became larger.
In the multi-channel GPR evaluation, θ and d are esti-
mated jointly from the measured travel times, which are pro-
portional to lw. The negative correlation between θ and d
originates in the relation lw =θ ×d, where lw is very well
constrained from the measurement, because it is a ﬁrst order
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Fig.10.Observationsoftheﬁeld-scalesoilwaterdynamicsatrepre-
sentative areas. (a) and (b) are the temporal changes of the averaged
soil water content θ and the total water volume lw in the proﬁle p25
(Fig. 3) through the rainfall event, respectively. (c) and (d) are the
2-D average changes at three areas with different structures (A: clay
patches, B: dune valley and dune ridge). Water loss by evaporation
is given in (d), where Ep is pan evaporation, and 0.63×Ep is an
roughly estimation of the actual ﬁeld evaporation.
estimate which can already be calculated from a single GPR
channel. In contrast, the separation into θ and d depends
on the differences between multiple channels. Therefore, lw
would be expected to be more accurate than θ and d, par-
ticularly when signiﬁcant deviations appear between them
in the multi-channel GPR evaluation. As shown in Table 2,
the measured reﬂector depth deviated slightly from 23 to
25 May. Thus, the measured soil water content would be ex-
pected to deviate oppositely. However, the deviation of the
total water volume lw is still very small due to the counterac-
tionofthedeviationsofθ andd.ThephenomenoninFig.10c
and d shows that the soil water contents at the three areas de-
creased rapidly from 22 May to 25 May and afterwards de-
creased less rapidly or even remained constant, in contrast,
the change of soil water volumes already slowed down one
day earlier than that of θ. This is attributed to noise in the
multi-channel GPR analysis.
As a reference, the estimate of the actual evaporation at the
study site is shown in Fig. 10d. Through extracting the con-
tribution of the ﬁeld evaporation from the total water loss, we
deduce that weak bottom seepage still existed after 23 May.
Considering the differences in the bottom seepages at the dif-
ferent areas, we deduce that the characteristics of the soil wa-
ter dynamics are related to the soil layering and associated
hydrological processes.
4.2 Hydrological interpretation of vadose-zone
processes at the study site
Based on a time series of snapshots of the soil layering and
the soil water content distribution with the multi-channel
GPR at the study site, we propose the following explanation
for the observed characteristics of the soil water dynamics:
(i) after ten days of dry weather, soil water content distribu-
tion was at ﬁeld capacity. (ii) During the heavy rainfall event,
the inﬁltration increased the soil water content and with it the
total water volume. (iii) Then soil water redistributed within
the layer due to the dune structure with more soil water end-
ing up in the valleys than at the ridges. (iv) When it comes to
the loss of water from the observed layer, we have to dis-
tinguish two phases: a short initial phase with high water
ﬂuxes and a prolonged later phase with low ﬂuxes. During
the initial phase, the inﬁltrating water front that reaches the
lower boundary leads to an approximately uniform and fast
seepage. During the second phase, seepage is reduced sig-
niﬁcantly because of the decreasing water content, hence a
rapidly decreasing hydraulic conductivity, and it is higher in
the valleys where horizontal redistribution leads to a higher
local water content than at the ridges. For both phases, evap-
oration is active, uniformly across the entire soil surface as
analysed by Pan et al. (2012a). Finally, notice that loosing
the same amount of water by evaporation would lead to a
higher decrease of the volumetric water content over a ridge
than over a valley.
4.2.1 Exploration of the ﬁeld-scale soil water dynamics
The inﬁltration and redistribution of water in soils has been
studied for a long time already, and it is well understood con-
ceptually (e.g. Jury and Horton, 2004) with readily available
numerical models to simulate it (e.g. Radcliffe and ˇ Sim˚ unek,
2010). The current challenge is to quantitatively cope with
three-dimensional heterogeneous architectures at the ﬁeld
scale without the huge experimental effort required by tra-
ditional approaches. Multi-channel GPR offers a possibility
to observe the dynamics of the water content distribution at
with high spatial and temporal resolution. As we ﬁnd in the
following, this is also possible with a useful accuracy.
The proposed hydraulic dynamics – initial rapid seepage,
uniform across the lower boundary, together with continued,
constant, and uniform evaporation (Fig. 11) – is corrobo-
rated by the data (Fig. 10). Comparing ridges and valleys,
shows that for the initial phase the total loss of water is
the same (Fig. 10d) while the changes in the average volu-
metric water content are different (Fig. 10c). Looking at the
later phase, when evaporation prevails, we ﬁrst recall that the
wheat was removed prior to the GPR measurements which
left the ground surface nearly bare. From this, and consid-
ering the uniform soil properties near the surface, we expect
the evaporation ﬂux to be uniform. This again is corroborated
by the measurements for the last two dates, 27 to 29 May,
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Fig. 11. Schematic of the proposed spatial soil water dynamics in a
soil with dune-deposit structure. (a) Major processes at the surface;
(b) soil water redistribution in the soil; (c) bottom seepage through
the dune interface.
which show a comparable decrease of the total water volume
above the ridges and the valleys. The changes in the average
water content are correspondingly different. We explain the
difference between the decrease curves for the later phase in
Fig. 10d by the additional seepage in the valleys which is
caused by the horizontal redistribution of the water and by
the longer ﬂow distance with the associated delay.
In an attempt to further quantify these observations, the
evolution of the cross-correlation coefﬁcients (Eq. 5) be-
tween reﬂector depth d on the one hand and average soil wa-
ter content θ and water volume lw on the other hand were
calculated. Looking at the numbers in Table 3 reveals that
none of the coefﬁcients is particularly large. This is expected
because (i) the accuracy of the multi-channel GPR measure-
ments is at the lower end of the required accuracy for an-
alyzing soil water dynamics and (ii) a low correlation be-
tween soil layering and soil water dynamics is expected be-
cause only part of the water ﬂow will be redirected and there
are heterogeneities like the clay inclusions. However, all ex-
cept one of the coefﬁcients are statistically signiﬁcant at p-
level 0.01 and hint at the underlying processes. On this ba-
sis, we further interpret some characteristics in Table 3. First,
the temporal change of ρdθ is different from ρdl, in addi-
tion to their opposite signs. This would be related to some
processes such as evaporation and drainage. For instance, a
uniform evaporation leads to a negative correlation between
d and 1θ, while a non-uniform bottom seepage caused by
a time lag of the inﬁltration front or some lateral soil wa-
ter redistribution leads to a positive correlation between d
and 1lw. These correlation coefﬁcients change according to
the corresponding processes, hence are indicators for them.
For instance, the large negative ρdθ and small positive ρdl on
23 May are interpreted to result from the quick inﬁltration,
Table 3. Changes of the relationship between soil layering and soil
water dynamics at different mapping times relative to 22 May. ρdθ
and ρdl are the correlation coefﬁcients between the reﬂector depth
and the changes of soil water content and the total soil water vol-
ume, respectively. All values are signiﬁcant at p-level 0.01 except
the ρdθ on 25 May.
coeff. ρ 23 May 25 May 27 May 29 May
ρdθ −0.228 −0.004 −0.096 −0.240
ρdl 0.059 0.380 0.279 0.301
while the small negative ρdθ and the large positive ρdl on
25 and 27 May hint at the non-uniform bottom seepage and
the weak but increasing evaporation. On 29 May, the large
negative ρdθ and the large positive ρdl are thought to reﬂect
the combined effects of the non-uniform bottom seepage and
evaporation since 22 May.
4.2.2 Inﬂuence of soil layering on the crops
Since spatial soil water redistribution can inﬂuence the avail-
ability of soil water for agriculture, as well as the nutrient
transport, it is more and more important for precision agri-
culture. At this study site, patterns of wheat can be found
in Fig. 3. Since the wheat was planted with uniform fertil-
isation and management at the entire ﬁeld, the surface pat-
tern of wheat growth indicates the non-uniformly distributed
soil characteristics and associated soil water dynamics. Due
to the nearly homogeneous near-surface soil, its contribution
to the spatial variation of soil water dynamics through inﬁl-
tration and evaporation were thought to be negligible at the
study site. Therefore, the patterned crops may be attributed
to the structural heterogeneity.
From the experiments and previous discussion, we know
that the dune structure and clay inclusions inﬂuenced the
crop by redistributing soil water in space. As an example, the
line p25 is speciﬁcally demonstrated in Fig. 12. Before the
whole experiment the wheat pattern in the right part of the
line p25 was similar to the wheat difference (red lines: P1
and P2) shown in Fig. 12a. While the soil layering mainly in-
cludes a deep continuous reﬂector (red line) and two small
shallow reﬂectors marked with two dashed lines (P1 and
P2) in Fig. 12b, which correspond to the wheat pattern in
Fig. 12a. Through analyzing the changes of the soil wa-
ter content 1θ and the total water volume 1lw from 22 to
29 May relative to the measurement on 19 May in Fig. 12c
and d, we ﬁnd that the evolution of 1θ and 1lw patterns are
relatedtothelayering.On22May,1θ and1lw wereapprox-
imately uniform, while the water loss gradually increased
from the ridge to the valley from 22 to 29 May. This is con-
sistent with the previous result that the dune does play an
important role in the soil water redistribution. However, the
some near-surface structures could exert more impacts on the
crop than the dune structure. For instance, compared to the
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Fig. 12. The inﬂuence of soil layering on ﬁeld-scale soil water dy-
namics and surface crops (e.g. the line p25 in Fig. 3). (a) Previous
wheat feature in the line p25 demonstrated by the wheat difference
(lines: P1 and P2) nearby the line without cutting the wheat; (b) fea-
tures of soil layering (red line: dune structure) in the radargram;
(c) and (d) time lapse of the estimated soil water content change
1θ and the total water volume change 1lw relative to the measure-
ments on 19 May.
sandy interface at P1, the clay patch (P2) could facilitate the
crop growth by retarding soil water inﬁltration. Besides, the
clay inclusions are mainly located in the deep valley areas.
In general, the dune structure correlates with the crop pattern
shown in Fig. 3 by inﬂuencing soil water redistribution.
5 Summary and conclusions
We studied the soil water dynamics at a sandy site in the
North China Plain with multi-channel GPR. Immediately be-
fore a heavy rainfall event a single GPR line was measured.
After the rainfall, a short time series of two dimensional mea-
surements was performed (days 22, 23, 25, 27, and 29 in
May 2011). The data were analysed for reﬂector depth and
depth-averaged soil water content.
The reﬂector apparently stems from a paleo-dune at a
depth between 0.7 and 1.0m. Based on the measurements,
the reﬂector depth was reconstructed with an estimated ac-
curacy of ±0.02m. The calculated distributions of soil wa-
ter content for the different times showed a high precision
and high coherence, such that we succeeded into subtract-
ing them from each other and into deducing the ﬁeld-scale
soil water dynamics from this. The measurements could be
explained by the following process chain: (i) the heavy rain-
fall increases the total water content signiﬁcantly and the un-
dulating lower layer boundary leads to some horizontal re-
distribution with more water ending up above the valley re-
gions. (ii) Seepage occurs past the undulating boundary ev-
erywhere, at the ridges as well as in the valleys, hence the
total amount of water is reduced with time. (iii) Due to the
hydraulic characteristics, seepage decreases rather quickly
with time after the rainfall event. (iv) A further water loss
occurs by evaporation through the soil surface.
Considering the precision and the accuracy of the mea-
sured quantities and the deduced ﬁeld-scale soil water dy-
namics in the heterogeneous soil during a short-duration in-
ﬁltration event, we conclude that this method is sensitive
enough to capture the spatial structure of the changing soil
water content. We are, aware however, that despite statisti-
cal signiﬁcance, the experimental support for this interpre-
tation is not particularly strong. The accuracy of the multi-
channel GPR in determining the total amount of soil water
is still limiting. Nevertheless, the kind of detailed informa-
tion on the spatial processes is encouraging and warrants fur-
ther development of the approach. This appears feasible with
more frequent measurements to obtain the temporal change
more accurately, and in particular by focusing the measure-
ments to the early stage after a heavy rainfall event. We be-
lieve that this demonstration opens a door to high-resolution
ﬁeld-scale hydrological parametrisation and thus to much
improved models.
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